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SUMMARY

This incesiigaiion was undertaken at the Langley l%n.orial Aeronautical Laboratory ai .Lang-
ley Field, Vfrginia, in connection m“fh a general re8earch on fuel-injection engines for aircraf& The
purpose of the incesfigation was to deh-mine the factors controlling the reproducibility of spray
penetration and ~ecmtdary discharges after cut-of.

Tke development of single sprays from automatic injection valces was recorded by means of
special high-speed photographic apparatus capable of iaking 25 corwecuike picfures of i%e meting
spray at a raie of .@OO per second. The efeck of two iype8 of injection vche.s, injection+ake $uhe
lengih, initial press-ure in the injection-valve h.de, speed of ilie injecftin cmu%ol mechanism, and
time of s-pray cut-ofl, on the reproducibility of t?pray peneirabn, and o% secondary discharges were
investigated.

It was found that neit’her iype of injection valce ma~eriaRy affected spray reproducibility.
Tle initial pressure in the injection-valve tube coni%oZ7edthe reproducibility of spray penebaiions.
An increase in the initial pressure OTin the length of the injection-vake hde dightly increased the
spray peneiraiion within fhe limits of this h.resiigation. Tle speed of& injeciion-cm.trol mecii-
ani.wn did not a~ect the penefraiion.

Analysis of the resuli’s indicaies that seconda~ discharge~ were caused in this apparaiua
by pressure waces int%iafed by tTte rapid opening of the cui-o~ valce. T’Le secondary disdiarges
were eliminated in this incesfigation by increasing the Zen@h of the injeciion-valce #u6e.

INTRODUCTION

During an investigation of the characteristics and de=reIopment of the sprays from several
types of automatic fuel injection valves, designed for use in high-speed fueI-injection engines,
considerable diflicult y was experienced in obtaining the same spray penetrations, when ~~ing
the same injection valve under seemingly similar comiit.ions. Also spray discharges, of much
smeller mass and at Iower pressure than the main sprays, took place after cut-ofF. These
small spray discharges will be referred to in this report as “secondary discharges.” These
and sim.iIar phenomena are undoubtedly present in many injection systems, but have gener-
alIy remained undiscovered because there has been no apparatus awdable capable of recording
them.

To obtain smooth operatio~ in high-speed fuel-injection engines, running at constant speed
and load, it is necessary that a constant quantity of fuel be injected each cycIe, and that the
sprays produced be dike in all respects. The spray cut-off must take pIace quickly and in
most cases there must be no secondary discharges if the bighesti efficiency is to be obtained. The
work presented in this report deals with the effects of trwo types of injection wdve designs,
injection-valve tube length, initial pressure in the injection-valve tube, speed of the injection
control mechanism, and time of spray cut-off, on the reproducibility of spray penetration, and
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oa secondary discharges. Diesel engine fuel oil having a specific gravity of 0.85 d 80° l?. was
used in all tests, It was injected at 8,000 pounds ptir square inch pressure into a chamber con-
taining nitrogen at pressures of 200 and 400 pounds per square inch,

METHODS AND APPARATUS

The general method employed to study the reproducibility of spray penetration and second-
ary discharges was to record the deve~oprnent and cut-off of single sprays from automatic
injection valves, by means of special high-speed photographic apparatus capable of taking 25
consecutive pictures at the rate of 4,000 per second. The spray photography apparatus used
for this work was designed and deveIoped for the i~vestigation of fuel sprays for high-speed fuel-
injection engines. -Brief descriptions of this equipment have been given in annual reports of
the NationaI Advisory Committee for Aeronautics, and a more compIete description has been
given in Report No. 222, Spray Penetration with a Simple Fuel-Injection Nozzle. (Reference 1.)

The system for the production and control of t-he fuel sprays has, however, bee~ changed
and the present system was designed to permit the study of the characteristics of the sprays
from automatic injection valves. It is provided with means for varying the duration of injec-,
tion, the length and size of the injection-valve tube, the initial pressure in the injection-valve
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tube, and the speed at
which the injection-control
mechanism is operated. A
diagrammatic sketch of this
system is shown in Figure 1.

The initial pressure in the
injection-valve tmbe was
regulated in this investiga-
tion by the pump and was
maintained at the t&t ini-
tial pressure, until injection
took place, by closing the
control valve. Oil under
high pressure, in a tank,

was admitted to the automatic injection valve by a cam-operated timing valve. The cut-off
mechanism consisted of a poppet valve lifted by a cam-operated lever. The duration of the
injection. was controlled by adjusting the lever along the cam so as to obtain earlier or later
operation of the cut-off valve with respect to the timing valve. The mechanism was so designed
that the amount and rate of lift of the valve was practicably constant for all positions of the lever.

Two types of automatic injection valves were used, one being of the usual spring-loaded
type valve, and the other being a diaphragm-type valve. In this latter valve, the stem was
fixed and the nozzle was clamped between several steel diaphragms. The nozzle-diaphragm
unit was deflected by the oil pressure which caused the nozzle to leave its seat on the stem and
allowed the oil to pass through. In this type of valve inertia forces are greatly reduced, which
tends to produce qnidi opening and closing of the valve. Spiral grooves having a 30° angle
were used in this valve to break up the oil by centrifugal force.

RESULTS

REPRODUCIBILITY OF SPRAY PENETRATION

The results for the investigation of the effects of the type of injection valve used, of the
initial pressure in the injection-valve tube, and of the injection-valve tube length on the repro-
ducibility of spray penetration are given in Figures 2, 3, and 4.

The results for the tests on the spring-loaded and diaphragm-type injection valves, in
which the initial pressure in bhe injection-valve tube was not manually controlled, are shown
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by the curves A and B in Figure 2. The divergence of the points from the mean curves iudi-
cates that the reproducibility of the sprays is not appreciably different for either of these tvro
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Fm. 2=—Effeetof controlling inf$id pms.?urein injection-vslve tube. Each cnrve is the resultof fonr experiments. Injection
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types of injection valves. Difference in the design of the two valves caused the different.
~enetration of the smz~ from one as comRared with the other,. .“

Fm. 3.—Effect of initial pressure in injection-wlve tube. Each curw
is the resnlt of three experiments. Infectforr Prew.m?,8,GWIb.k. in-r
chamber pressnre, %0 lb./sq. in. Injeetion vake No. 4. In@etio~
valve tube Iength, 41in. C?ut-ofiafter 0.0!3seconds

The effect of controlling the initial pres -
sure in the injection--ra.Ive tube is shown, for
the diaphragm-type injection -valve, by curves
B and Cl in Figure 2. These results indicate
that when the initial pressure in the injection-
vake tube is controlled to a definite vaIue
good reproducibility is obtained.

The initial pressure in the injection-wdve
tube may vary in successive tests if not con-
t.rolIed. The amount, of this variation depends
upon the pressure at which the injection valve
cIoses after discharge, upon the rate of Ieak-
~ge ~ the system, and UpO~ the time interval

between tests. Accordin.gly, tests were made
with severaI controlled initial pressures to
determine their effect upon the spray pene-
tration.

The results of these tests, in which the
initiaI pressure was controlled to 1,000, 2,000,
3,000, and 4,ooO pounds per square inch are
shown in Figure 3. The penetration was
found to increase about 3 per cent with each
1,000 pounds per square inch increase in the
initial pressure.

The init.iaI pressure in the injection-vaIve tube acts-directly against the end of the timing-
valve needle. The effects of the intensity of this pressure upon the rate of opening of the timing
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valve and the rate of pressure rise in the injection-valve tube have been considered in anaIyses
of the results. Although these factors have some effect upon the penetration, a consideration of
the characteristics of pressure waves seems to offer the best explanation of this phenomenon. The
behavior of pressure waves, such as are initiated when the timing valve is opened, may be com-
pared to the behavior of sound waves in a liquid. Merriman’s Hydraulics (R-eference 2) gives the
velocity of sound in a liquid, as

J
v= ~.. (1)

E is equal to ;J which, substituted in (1) gives

~,. Q
J w%

The notation used is as follows:
V= Velocity of sound.
E= Modulus of elasticity of the liquid.
P= Pressure on the Iiquid.
o= Coefficient of cubicaI compression of liquid.

W=Weight of a cubical unit of the liquid.
g = The acceleration of gravity.

The values of g and Oare constant, and W varies only slightly for a liquid, with change in
~ressure. From formula (2) it can be seen that the velocity of a sound wave varies almost

FIG. 4.–Effect of injection-valve tube lerrgth. Each curve is the resultof three ex-
periments. Injection pressure,8,~ lb./sq. in. Ckmher pressure,400lb./smin.
Injection-valve No. 4. Cut-off after 0.0C3seconds. Initial pressure,3,W0lb.~sq.in.

directIy with the square root of the
pressure. Thus the velocity of a sound
wave in a liquid at 4,oOO pounds per
square inch pressure will be about twice
the velocity for 1,000 pounds per square
inch pressure. This analysis indicates
that the velocity of a pressure -wave in
the injection-valve tube would increase
with the initial pressure on the liquid.

Since equal injection pressures
were used for all tests, the pressure im-
pulses released by the timing valve to
the injection-valve tube were of ap-
proximately the same magnitude for
the several initial pressures used. The
impact energy of the pressure impulse
at the injection valve was, however, ap-
proximately equal to % MV 2. Thus
the instantaneous pressure availabIe
for impulse discharge increased directly
with the square of the velocitv of the

pressure wave. The discharge caused by the pressure impulse occurred at the begi&ing of
injection and was of very short duration in comparison with the total discharge, which explains
why only slighly increased penetration was obtained for large increases in the initial pressure
in the injection-valve tube.

The rew.dts for the tests with the 7-inch, 21-inchj and 41-igch- injection-valve tube lengths
are shown in Figure 4. The spray penetration was increased slightly, with increase in the
injection-valve tube length, within the limits investigated.

Experiments have been made relating to the behavior of pressure waves in air contained
in small tubes by the Aeronautical Research Committee of Great Britain, the results of which
are given in their reports and memoranda No. 957. (Reference 3.) The results of these tests
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show that in some cases the pressures, recorded at the far end of a cIosed tube, increased con-
siderably as the length of the tube was increased. An effect simik to that indicated by these
results might welI have existed in the injection system and produced the greater spray penetra-
tions recorded.

Iri order to deternine the efiect of the rate of opening of the timing valve on the spr%y
penetration, tests were made with cam-shaft speeds of 550, 750, 900, and 1,100 revolutions per
minute. The results of these tests show that the spray penetration was the s~me for the four
rates of opening of the &ni..ng valve in-vestigated. The rate of pressure rise in the injection-
valve tube was not controlled, therefore, by the rate of opening of the timing valve in these
tests. This indicates that the maximum rate of pressure rise at the injection valve was obtained
with the sIowest cam-shaft speed.

SECOND.4RY DISCHARGES

The results for the investigation of the effect of the type of injection valve used, the time
of cut-off, and injection-valve tube length on the occurrence of secondary discharges and the
time at which they appeared are shown in Table 1. The resuIts in TabIe I are given to the
nearest hundred-thousandth second. B-y measurement to a hundredth of an inch on the iilm
records, time computations can be made to 0.000003 second, so it can be seen that the results
given in the t.abIe are -within the limit of accuracy. Spray pictures taken during the in-res-
tigation are shown in Figures 5 and 6. Figure 5 shows two sprays with typical secondary
&~charg=, ~d Figwe 6 tw-o S~~ sprays tith no secondary discharges. The secondary
&&arges may be Seen to have their Skrfi in the third or fourth spray from the left in both

pictures of Figure 5. AIthough a series of 25 pictures were taken of each spray, it was not
thought necessary to show all of them in this reperk The sprays are one-bhird actuaI size.

The start of the cut-off of the spray and of the secondary discharges are not always recorded
by the films, since these events often occur in the time interwd between consecutive illumina-
nations. The variation in the time of the spray reappearame after cut-off as given in Table I
is probabIy caused by the necessity for estimating the exact be=@ni..ng of the cut-off, and of the
secondary discharge by extrapolating slightly, curves plotted from measurements of the film.

The results of the tests with the spring-loaded and diaphra.gn-type injection valves show
thak similar secondary discharges were obtained with both valves AJ.so the time of appear-
ance of the secondary discharges after cut-off of the spray was approximately the same.

Tests were made with cut-off approximately 0.0018, 0.0034, and 0.0048 second after the
start of the spray, using an injection-valve tube 7 inches long. The results of the tests with
cut-off after 0.0018 and 0.0034 second show that the secondary discharges took place at approx-
imately the same time interval after spray cut-off. This indicates that these secondary dis-
charges were controlled by the cut-off valve and not by the timing valve. IXTOsecondary
discharge appeared with cut-off after 0.0048 second. In this case the timing vaIve was nearIy
closed and the pressure impulse of any oil which passed through it was too Iow to open the
automatic injection valve.

Bouncing of the moving parts of the injection valves after their impact at cuboff has been
considered in amdyses of the secondary discharge phenomena. For example, the nozzle-
diaphra=m unit of the diaphragg-type injection vake might vibrate according to its natural
period, or might rebound because of its impact upon the tied stem. Ho--ever, the ressdts of
the investigation show that no secondary discharge appeared when a 41-inch injection mdve
tube was used in place of the 7-inch tube. It is probable that the length of the injection-valve
tube would have Iittle effect upon the vibration of the moving parts of the injection valve. If
bouncing of the moving parts caused secondary discharges, the discharges would undoubtedly
have taken place at different time intervak after cut-off for the two types of valve used. Table
I shows, however, &hat the intermds were approximately the same for both vaIves. For these
reasons, the resuIts indicate that bouncing of the moving parts did not cause secondary
discharges.

97Z9i-2L~9
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A brief amdysis of pressure wave phenomena and of the operation of the apparatus in
reIation to the secondary discharge phenomena has been made. When the cut-off valve was
opened, the pressure in the injection-valve tube was reIea.sed so that the injection valve closed
and cut off the spray. It is probable that the pressure on the oiI in tihe injection-v&e tube
m-as so rapidly released that aIthough the timing vaIve -was stiII open the inertia of the oil “m
the supply system made increased flow through the timing vaIve impossible for an instant.
When increased flow through the timing valve took place, its impact on the oil in the injection-
valve tube, -which was directly in line with the timing valve, may ha-re created a pressme wave
which caused a small spray to discharge from hhe injection valve.

hTo secondary discharges appeared in any of the tests with the 41-inch tijection-valve
cube Iength. JR this case it is probable that the pressure vm-re wy.s damped out by the resistance
of the long tube, or absorbed by the compression of the oil and expansion of Lhe &ube. The
pressures which caused the secondary discharges ~ere never much above the opening pressure
of the injection valve. It would not, therefore, have taken much resistance to damp out the
pressure waves sufficiently to have prevented them from opening the valve and causing secondary
discharges.

Although the secondary discharges were controlled in this investigation by increasing the
length of the injection-valve tube, there are undoubtedly otherways to controI these phenomena.
Thus, rearrangement of the injection-control apparatus, change in the reIative size and shape
of various parts, or the use of other injection pressures, might govern secondary discharges.

CONCLUSIONS

The results of these experiments indicate that the irdial pressure in the injection-valve
fiube must be controlled to obtain spray reproducibiIihy. The spray penetration is SLightly
increased by increasing the length of, or the initial pressure in, the injection-valve tube.

Secondary discharges may be caused by pressure waves in the injection system dwring and
after spray cut-off. Though secondary discharges were eliminated in this investigation by
increasing the length of the injection-valve tube, bhey couId probabIy be controlled by changing
the Iocation or size of various parts of the spray production and control apparatus, and by
using dMerent injection pressures.

TABLE L-B~ect of cut-ofl, inject{on z’alve tube Zength,and @pe of z’dre on secondarydischarges
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. The effect of tfme of cut-off fs shown by tests 1,2, and 3.
The effect of injeetion-vdve tube length fashown by tests I and 4.
The tied of type of valve fs shown by tests2 and 5.
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